Abstract: This study was conducted to determine the positive effects of dietary supplementation with L-arginine (Arg) on piglets fed a deoxynivalenol (DON)-contaminated diet. A total of eighteen, 28-day-old healthy weanling pigs were randomly assigned into one of three groups: uncontaminated basal diet (control group), 6 mg/kg DON-contaminated diet (DON group) and 6 mg/kg DON + 1% L-arginine (DON + ARG group). After 21 days of Arg supplementation, piglets in the DON and DON + ARG groups were challenged by feeding 6 mg/kg DON-contaminated diet for seven days. The results showed that DON resulted in damage to piglets. However, clinical parameters, including jejunal morphology, amino acid concentrations in the serum, jejunum and ileum, were improved by Arg (p < 0.05). Furthermore, the mRNA levels for sodium-glucose transporter-1 (SGLT-1), glucose transporter type-2 (GLUT-2) and y + L-type amino acid transporter-1 (y + LAT-1) were downregulated in the DON group, but the values were increased in the DON + ARG group (p < 0.05). Collectively, these results indicate that dietary supplementation with Arg exerts a protective role in pigs fed DON-contaminated diets.
Introduction
Fusarium infection of wheat, barley and corn with concurrent production of deoxynivalenol (DON) and other trichothecene mycotoxins is an increasingly important food safety issue worldwide [1, 2] . Many published papers show the toxic effects of DON on animals, mainly impairing the immune system and the health status of the gastrointestinal tract and the brain [1] [2] [3] [4] [5] [6] [7] . Ingestion of DON has also been associated with gastroenteritis, as reflected by nausea, emesis, diarrhea, anorexia and gastrointestinal hemorrhaging [4] . Considering that the gastrointestinal tract and the immune system of pigs are not vastly different from those of humans, the pig can be regarded as a good model that can be applied to humans [3, 4] . Intestine is the primary target of DON. As a dynamic barrier, the intestine is responsible primarily for digestion and absorption of dietary nutrients, as well as excluding potential pathogens and toxins [5] . The absorption of DON occurs in the proximal part of jejunum in which DON produces its subsequent toxicology [6, 7] , and then, DON widely spreads to various tissues. Therefore, the adverse effects of DON on intestine involve pathological changes, including abnormal permeability and reduced expression of nutrient transporters.
L-arginine (Arg) promotes intestinal growth, development and maturation [8] [9] [10] . It has been reported that Arg stimulates phagocyte activity and accelerates endotoxic elimination in the gut [11] . Arg also benefits mucosal microcirculation and absorption [12] [13] [14] . To date, no study has been conducted to determine the roles of Arg in DON contamination. According to the understanding of DON toxicology and the biological function of Arg, we hypothesized that dietary Arg may alleviate the functional impairment of intestine brought about by DON in weanling piglets. Table 1 summarizes the mycotoxin content in contaminated and non-contaminated feed mixture. The resulting ground moldy corn was determined to contain 0.52 mg/kg DON. Before the challenge, the moldy corn was added to the diet, providing DON at 6 mg/kg. Table 2 summarizes the concentration of free amino acids in serum after challenge. The trends in Arg, histidine, methionine and threonine were similar. The values in the DON group were the lowest among three groups, while only slight differences were observed between the DON + ARG and DON groups (p > 0.05). After DON exposure, leucine concentration was reduced markedly (p < 0.05), but there was no significant difference between the DON and DON + ARG groups (p > 0.05). Similar results were obtained for valine, lysine, tryptophan and ornithine. Serum γ-amino-n-butyric acid concentrations in the DON group were significantly higher than those in the other groups. Compared to the other two groups, there was a significant decline after DON challenge with regard to isoleucine value (p < 0.01). However, marked differences were not found in the rest of the other free amino acids in the serum. Results are expressed as the means ± SEM for six animals. Tables 3 and 4 show free amino acid (AA) concentrations in ileum and jejunum after challenge, respectively. In the ileum, there was a significant change in isoleucine concentration among the three groups (p < 0.01); compared to other groups, the value in the DON group was the lowest. After DON challenge, the concentration of some AA decreased considerably, including Arg, histidine, leucine, methionine, phenylalanine, threonine, valine, serine, taurine, tyrosine, citrulline and ornithine. Meanwhile, the declines in free AA concentrations in the DON + ARG group were not notable. Similarly, in the jejunum, the concentrations of Arg, isoleucine, leucine, lysine, methionine, threonine, tryptophan, valine, taurine, tyrosine, asparagine, glutamine and ornithine were reduced significantly in the DON group. Only a slight increase was found in the DON + ARG group, compared to the DON group. There is no significant difference between the DON + ARG and control groups in the concentrations of serine, glutamic acid, alanine or 3-methyl-L-histidine. Results are expressed as the means ± SEM for six animals.
Results

Analysis of Moldy Corn
Free Amino Acid Concentration in Serum
Free AA Concentrations in Ileum and Jejunum
Jejunal Morphology Changes
Pathological changes (Table 5 ) and deformation of enterocytes ( Figure 1 ) in the mucosa were observed after the DON-infected diet was fed to pigs. Of note, only slight changes were found in the DON + ARG group. The villus height in the DON group was significantly lower than the other groups. The decrease in the DON + ARG group was mild. No difference was found between the DON + ARG and control groups (p < 0.05). No significant changes were found in crypt depth among the three groups of pigs. The ratio of villus height to crypt depth in the DON group was the lowest. This ratio in the DON + ARG group was slightly decreased compared to the control group (p > 0.05). 
Expression of Nutrient Transporters
The mRNA levels for intestinal nutrient transporters are shown in Table 6 . Significant differences were observed in the expression of sodium-glucose transporter-1 (SGLT-1) among three groups (p < 0.01), with the lowest values in the DON group. Compared to the control, other groups had lower mRNA levels for glucose transporter type-2 (GLUT-2) and y + L-type amino acid transporter-1 (y + LAT-1), but only slight differences in y + LAT-1 mRNA expression were detected between the control and DON + ARG groups. However, there were no differences in B 0,+ AT and peptide transporter-1 (PepT-1) expression noted among the three groups of pigs (p > 0.05).
Discussion
DON is a common contaminant of cereal crops, like wheat, barley, corn and oats, and of high importance in the food and feed industry and, increasingly, a food safety issue problem worldwide. Some reports suggested that ingestion of DON may induce feed refusal, decreased animal productivity, organ damage, increased disease incidence and malabsorption of nutrients [1] [2] [3] [4] [5] [6] [7] [15] [16] [17] . The integrity of jejunum mucosal morphology and structure is a prerequisite of biological functions [16, 17] . The villus height and crypt depth represent the metabolic and mature status of intestinal epithelial cells [18] . We found that DON damaged the integrity of the small intestine, but had no effect on the crypt depth. These results indicated that DON affects intestinal health via other ways, rather than harassing the development of intestinal cells. Meanwhile, no notable differences in the villus height or the value of villus height/crypt depth were found between the DON + ARG and control groups. According to previous studies, Arg supplementation in diet increases the intestinal mucosal thickness and the number of the small intestinal villi [19, 20] ; Arg stimulates the hypothalamus to release growth hormone, so as to reduce intestinal mucosa atrophy, accelerate injury recovery and maintain the structure and function of the intestinal mucosa [21] . We, therefore, conclude that Arg ameliorates the changes of the intestinal mucosal morphology and structure caused by DON. Table 6 . mRNA levels for nutrient transporters after deoxynivalenol (DON) challenge (n = 6). Results are expressed as the means ± SEM for six animals.
Amino acids provide the basic raw material for protein synthesis. In the present study, DON treatment decreases the levels of some amino acids, including histidine and isoleucine. The possible explanation for this is the damage of DON to the intestinal tract. Indeed, previous studies have found that mycotoxin prevented the absorption of amino acids [22] . Similarly, T-2 toxin has been reported to reduce the absorption of amino acids, resulting in lower plasma concentrations [23] . In line with these well-designed investigations, we observed lower concentration of isoleucine and valine in the serum, jejunum and ileum of DON-challenged pigs. Isoleucine and valine function to repair wounds, regulate glutamine and arginine synthesis and provide energy to body tissues [24, 25] . Previous evidence has indicated that Arg is an important factor for maintaining the mucosal integrity of the intestine and normal physiology of the gastrointestinal tract via improving the development of enterocytes [26] . It is not surprising that Arg enhances the absorption of amino acids, because of, at least partially, the repair function of Arg on the intestine. Intriguingly, the serum concentration of tryptophan was reduced significantly after DON treatment. Because tryptophan is not synthesized by animal cells, it would be of interest to explore the effect of dietary supplementation with tryptophan on pigs treated with DON.
The absorption of amino acids relies on the capability and amounts of relative transport carriers. The abnormal expression of transporters led to severe absorption defects and metabolic diseases [27] . In our previously study, we had found that DON-infected feed reduced the mRNA expressions of excitatory amino acid carrier 1 and cationic amino acid transporter in 60 d-old pigs [28] . In the present work, the mRNA levels for ASCT-2, y AT and PepT-1 in the small intestine after DON exposure and Arg supplementation. The signaling pathway and mechanisms remain to be elucidated.
The absorption of glucose relies on two types of transporters in the small intestine: (i) Na + -coupled glucose transporters (SGLT-1) on the apical membrane; and (ii) facilitated glucose transporters (e.g., GLUT-2) that regulate the basolateral exit of glucose. The efficiency of glucose transport is affected by the activity and abundance of SGLT-1 [31] . At a higher glucose concentration, GLUT-2 may also participate in apical glucose absorption [32, 33] . In the present work, there is no difference in the mRNA level of GLUT-2, whereas the mRNA level of SGLT-1 was decreased after DON exposure. GLUT-2 mediates the balance of glucose concentration in the intestine. At lower glucose concentrations, GLUT-2 transfers glucose from the blood to intestinal epithelial cells [34] . The reason why no change in mRNA levels for GLUT-2 occurred in the three groups of pigs is unknown, and this result may be explained by no differences in the concentrations of glucose or amino acids in the lumen of the small intestine. When Shepherd et al. analyzed the stress response of rats to noise and vibration, they observed an opposite result to our finding [35] . This difference may be due to the different stressors and distinct reaction mechanisms. The former study showed that Arg improved the absorptive capacity of glucose in the small intestine in the stress state [36, 37] . In our study, SGLT-1 mRNA expression is significantly higher in the Arg group than the DON group, suggesting that Arg supplementation was able to alleviate the harm of DON on intestinal absorptive capacity. This finding supports our previous results that Arg protects intestinal health via sustaining the integrity of intestinal mucosa and villus [38, 39] . Arg is truly a functional AA in animal nutrition and health [40] .
Experimental Section
Preparation of Moldy Corn
Fusarium graminearum strain R6576 was supplied by Huazhong Agricultural University in China (Wuhan, Hubei Province, China) [28] . It was firstly cultivated on potato dextrose agar (PDA) at 28 °C for 7 days. The hyphae of the fungi were obtained and then inoculated in carboxymethyl cellulose (CMC) liquid medium for shaking cultivation (28 °C , 200 rpm/min, 5 days). This medium was extracted with acetonitrile. A blood-counting chamber was used to determine the number of conidia and set its concentration to 5 × 10 5 /mL. Finally, corn was spread on the indoor-ground, inoculated by CMC liquid culture (25 kg/L) for 7 days and then stored at −20 °C . The contents of mycotoxins in mold-contaminated feed were detected by liquid chromatography (Beijing Taileqi, Beijing, China) ( Table 1) .
Animals and Management
The study was conducted according to the guidelines of the Declaration of Helsinki. All procedures were approved by the animal welfare committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences (Changsha, Hunan Province, China). A total of eighteen, 28-day-old healthy weanling pigs (landrace × large × white) were randomly assigned into the control group (fed with uncontaminated basal diet), DON group (challenged by 6 mg/kg DON in diet) or DON + ARG group (6 mg/kg DON + 1% Arg group), respectively. There were 6 pigs per group (three male; three female). Piglets in the DON + ARG group were fed the basal diet supplemented with 1% Arg, whereas pigs in the control and DON groups were fed diets supplemented with 2.05% L-alanine as the isonitrogenous control. At the beginning of the experiment, all piglets were fed commercial diets with a concentration of DON less than 0.1 mg/kg. The composition of the basal feed is listed in Table 7 . After 21 days of supplementation, the piglets in the DON and DON + ARG groups were challenged by feeding the 6 mg/kg DON-contaminated diet every day for a week. At the end of the 28-day experiment, all piglets were electrically stunned and slaughtered for analysis. Body weight and feed consumption were recorded. 
Sample Collection
After 28 days of dietary exposure to DON, 5 mL of blood were collected aseptically in tubes from a jugular vein 2 h after feeding, centrifuged at 3,000× g for 10 min at 4 °C to obtain serum samples and stored at -80 °C for further analysis. The small intestine was rinsed thoroughly with ice-cold physiological saline solution (PBS), and the jejunum and ileum were dissected.
Determination of Free Amino Acids Profile in Serum, Ileum and Jejunum
Free amino acids in serum were determined as previously described [24] . Briefly, a 500-μL sample was hydrolyzed in 10 mL 6 mol/L HCl at 110 °C for 24 h. The solution was then adjusted to the volume of 50 mL, and then, 1.0 mL of the settled solution was filtered through a 0.45-μM membrane for free amino acids analysis using an ion-exchange AA analyzer (Hitachi L-8800 Auto-Analyzer, Tokyo, Japan).
To measure the free amino acid profiles in ileum and jejunum, approximately 0.1 g freeze-dried ileum and jejunum were ground and added to 10 mL of 6 mol/L HCl for hydrolyzing at 110 °C for 24 h. The solution was then transferred to new Eppendorf tubes. After a 10-fold dilution, the samples were filtered through a 0.45-μM membrane for free amino acids analysis using an ion-exchange AA analyzer (Hitachi L-8800 Auto-Analyzer, Tokyo, Japan), as previously described [24] .
Determination of Jejunal Morphology
After embedding in paraffin, the jejunum samples were sectioned into 2-4 cm slides parallel to the villi axis and stained by hematoxylin and eosin (H & E) using standard procedures [28] . After dehydration, embedding, sectioning and staining, villous height and crypt depth were measured with computer-assisted microscopy (Micrometrics TM; Nikon ECLIPSE E200, Tokyo, Japan).
RNA Extraction and cDNA Synthesis
Liquid nitrogen was used to pulverize the jejunum intestine sample. Total RNA was isolated from 100 mg of the homogenate using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and treated with DNase I (Invitrogen), according to the manufacturer's instructions. The quality of RNA was checked by 1% agar gel electrophoresis, under staining with 10 mg/mL ethidium bromide. The OD260:OD280 ratio of RNA was between 1.8 and 2.0. First-strand cDNA was synthesized with Oligo (dT) 20 and Superscript II reverse-transcriptase (Invitrogen).
Quantification of mRNA by Real-Time RT-PCR Analysis
Primers were designed with Primer 5.0 based on the cDNA sequence of the pig to produce an amplification product (Table 8 ). β-actin was used as a housekeeping gene to normalize target gene transcript levels. Real-time PCR analysis was performed as described previously [28] . In brief, 2 µL of cDNA template were added to a total volume of 25 µL containing 12.5 µL SYBR Green mix and 1 µmol/L each of forward and reverse primers. We used the following protocol: (i) pre-denaturation , and the results for target mRNA were consistent with those for β-actin. Negative controls were created by replacing cDNA with water.
Statistical Analysis
All data, expressed as the mean ± standard error of the mean (SEM), were subjected to ANOVA analysis using the SPSS 13.0 software (SPSS, Chicago, IL, USA) [20] . The differences among group means were compared using the Duncan multiple comparison test. Probability values < 0.05 were taken to indicate statistical significance. 
Conclusions
In conclusion, weanling pigs fed a diet containing 6 mg/kg DON demonstrated an adverse effect on intestinal morphology, permeability and absorption function. Additionally, dietary supplementation with Arg alleviates the impairment in the intestinal tract brought about by DON challenge. Thus, Arg exerts a protective role against DON in pigs. These results may also have important nutritional implications for humans and other mammals.
